The two-dimensional kinetics of receptor-ligand interactions determines cell adherence and release. Result: Based on kinetic parameters, time-and force-dependent transitions of bimolecular integrin αIIbβ3-fibrinogen complex were revealed. Conclusion: Coupled force-free binding and forced unbinding kinetics reflects dynamics of surface-attached receptor and ligand molecules. Significance: A new approach to explore the mechanism and kinetics of bimolecular interactions has been proposed.
SUMMARY
Using a combined experimental and theoretical approach named BindingUnbinding Correlation Spectroscopy (BUCS), we describe the 2D kinetics of interactions between fibrinogen and the integrin αIIbβ3, the ligand-receptor pair essential for platelet function during hemostasis and thrombosis. The methodology uses the optical trap to probe force-free association of individual surface-attached fibrinogen and αIIbβ3 molecules and forced dissociation of an αIIbβ3-fibrinogen complex. This novel approach combines force-clamp measurements of bond lifetimes with the binding mode to quantify the dependence of the binding probability on the interaction time. We found that fibrinogen-reactive αIIbβ3 pre-exists in at least two states that differ in their zero-force on-rates (k on1 =1.4x10 -4 and k on2 =2.3x10 -4 µm 2 /s), off-rates (k off1 =2.42 and k off2 =0.60 s -1 ) and dissociation constants (K d1 =1.7x10 4 and K d2 =2.6x10 3 
1/µm 2 ). The integrin activator Mn
2+ changed the on-rates and affinities (K d1 =5x10 4 and K d2 =0.3x10 3 1/µm 2 ) but did not affect the offrates. The strength of α α α αIIbβ β β β3-fibrinogen interactions was time-dependent due to progressive increase in the fraction of the high-affinity state of the α α α αIIbβ β β β3-fibrinogen complex characterized by a faster on-rate. Upon Mn 2+ -induced integrin activation, the force-dependent off-rates decrease while the complex undergoes a conformational transition from a lower-to higher-affinity state. The results obtained provide quantitative estimates of the 2D kinetic rates for the low-and high-affinity α α α αIIbβ β β β3 and fibrinogen interactions at the single-molecule level, and offer direct evidence for the timeand force-dependent changes in α α α αIIbβ β β β3 conformation and ligand-binding activity, underlying the dynamics of fibrinogenmediated platelet adhesion and aggregation. ____________________________________________________________________________________________________________ Cell-cell and cell-substrate adhesion are mediated by specific interactions between cell surface receptors and ligands (1, 2) . In turn, the kinetics of ligand binding has major effects on the rate of cell adherence and release under the influence of external mechanical factors and under physiological and pathophysiological conditions (3) (4) (5) .
Most often the kinetic parameters of receptor-ligand interactions are determined using methods that measure the binding and unbinding of ensembles of receptors and ligands (6, 7) . Thus, measured parameters represent a composite of interactions that could vary substantially because of possible heterogeneity of receptor and ligand conformations. However, state-of-the-art dynamic nanomechnical methods, such as atomic force microscopy (AFM) (8) , biomembrane force probe (BFP) (9, 10) , magnetic (11) or optical (12, 13) tweezers enable kinetic measurements at the singlemolecule level. In these methods, receptor and ligand molecules are firmly attached to apposed surfaces, mimicking cell adhesion where receptors and their ligands interact at an interface. Clamped or ramped pico-Newton pulling forces are then applied to dissociate bimolecular ligand (L)-receptor (R) complexes (LR) and bond lifetime and rupture force measurements, respectively, are used to determine the kinetics of forced unbinding (LR → L + R). Information about the equilibrium energy landscape, i.e., the force-free off-rate k off and working distance between the bound and transition states x † , are then obtained indirectly using theoretical models for the forcedependence of k off , such as the Bell model (14) . Because the statistics of binding events are not analyzed, the reverse association process (L + R → LR), governed by the on-rate constant k on and important at small forces, is not characterized.
To account for dynamically-coupled competing kinetic pathways, we propose a new method of analysis named Binding-Unbinding Correlation Spectroscopy (BUCS) that can be viewed as an analog of two-dimensional spectroscopy in the time domain (15) . BUCS is based on a correlation between the kinetics of receptor-ligand complex formation at zero force and the kinetics of forced dissociation of the complex. Similar multi-dimensional approaches have been devised to explore the influence of relaxation of polypeptide chains on unfolding times for proteins (16) and to probe correlations between protein dynamics and unbinding kinetics for protein-protein complexes (17) . The approach proposed here combines the measurements of bond lifetimes (unbinding phase) with measurements of association signals during time-controlled contact between the receptor-and ligand-coated surfaces (binding phase). Subsequent analysis is based on a probabilistic description of reversible association-dissociation transitions (L + R ↔ LR), taking into account the probability of binding and of bond survival per single receptorligand contact.
We have used this approach to investigate the interaction of the platelet integrin αIIbβ3, and its major ligand fibrinogen. αIIbβ3, the major adhesion molecule on platelets, is essential for the hemostatic platelet aggregates that form when fibrinogen bound to αIIbβ3 crosslinks adjacent platelets (18, 19) . Fibrinogen binding to αIIbβ3 has been quantified at the single-molecule level using the optical trap (12, 20, 21) and AFM (22) and shown to be a complex multi-step process in which the αIIbβ3-fibrinogen complex exists in at least two bound states with different mechanical stabilities. Here, using BUCS, we provide a model-free estimation of the kinetic parameters governing the two dimensional association and dissociation kinetics of the αIIbβ3-fibrinogen complex. We found that the resistance of the complex to mechanical disruption increases with the duration of contact between the αIIbβ3-and fibrinogen-coated surfaces, a result of a timedependent force-induced structural rearrangement in the αIIbβ3-fibrinogen complex that favors the formation of a high-affinity state.
EXPERIMENTAL PROCEDURES
Optical trap-based force clamp -A custombuilt optical trap, previously described in detail (21) , was used to measure individual ligandreceptor interactions under constant pulling force. Briefly, the core of the laser tweezers system is a Nikon Diaphot 300 inverted microscope and a 100x 1.3NA Fluor lens combined with a FCBar Nd:YAG laser (λ=1,064 nm) with 4W power in continuous TEM-00 mode. A computer-operated two-dimensional acousto-optical deflector (AOD) is used to control the trap position. The force exerted by the trap on the displaced bead, is measured with a quadrant detector. This system enables control of the duration of compressive contact between interacting surfaces, the magnitude of compressive force and the magnitude of the tensile force during bond rupture. All experiments are conducted at an average trap stiffness of 0.10±0.02 pN/nm. Force calibration and trap stiffness are routinely confirmed by the Stokes' force method. LabVIEW® software is used to control and record laser beam deflection, move the piezoelectric stage, and analyze data off-line.
Surfaces and proteins -Surfaces were coated covalently with the interacting proteins, essentially as described previously (20) . Briefly, purified human fibrinogen in 20 mM HEPES/150 mM NaCl/1 mM CaCl 2 , pH 7.4, was immobilized to the bottom-anchored 5 µm-spherical silica pedestal pre-coated with glutaraldehyde-activated polyacrylamide. Purified human αIIbβ3 in 20 mM HEPES/150 mM NaCl/30 mM n-octyl-β-D-glucoside/1 mM CaCl 2 , pH 7.4, was covalently coupled to carboxylate-modified 1.75-µm latex beads using water-soluble carbodiimide either in the absence or presence of 1 mM MnCl 2 . Bovine serum albumin (BSA) was used as a blocker for both surfaces. The surface density of the functional αIIbβ3 molecules capable of binding 125 Ifibrinogen was determined to be 3,072±412 molecules per square micrometer (Supplemental Fig. S2 ). αIIbβ3 was isolated from human platelets (13) and fibrinogen was from HYPHEN BioMed (France). The polypeptide composition, purity, and lack of oligomerization of αIIbβ3 and fibrinogen were assessed by SDS-PAGE and by transmission electron microscopy. The binding probability and rupture force profiles ensure single-molecule interactions, as inferred from the criteria based on previous experiments performed using the same proteinbinding protocols (12, 20, 21, 23) .
Measurements of surface interactions -First, a flow chamber was equilibrated with the working buffer (0.1 M HEPES pH 7.4 buffer with 2 mg/ml BSA, 0.1% Triton X-100 and 1 mM CaCl 2 or 1 mM CaCl 2 /1 mM MnCl 2 ) at room temperature. 1 µl of the αIIbβ3-coated bead suspension (10 7 beads/ml) was added to 50 µl of the working buffer and flowed into a chamber containing pedestals with immobilized fibrinogen on their surface. After the chamber was placed on the microscope stage, a single bead was trapped and oscillated and the stage moved manually to bring a pedestal within 1-2 microns of the trapped bead. The separation of the pedestal and the bead was then reduced until repeated contacts were observed. The repeated touching occurred with a compressive force of 20 pN and a pulling force of 50 pN. The flexible parameter was the duration of contact which varied from 0.05s to 2.0s. The data was recorded at 2000 scans per second. Several tens of pedestal-bead pairs were analyzed for each experimental condition. The binding/unbinding events from individual files were summarized so that the total number of bond lifetime values observed at each experimental condition varied from ∼400 to ∼4,000. Bond lifetimes <40ms represented non-specific interactions and were susceptible neither for inhibition nor activation of the integrin. Accordingly, they were neglected in data presentation and analysis.
Kinetic model and probability measuresConsider ligand (L)-receptor (R) interactions, where there is only one bound state (LR), i.e. L + R ↔ LR. In the binding phase of the measurements, we probe the reversible association-dissociation kinetics, governed by the on-rate k on and off-rate k off . In the unbinding phase, we examine the irreversible dissociation process, LR → L + R described by the forcedependent dissociation rate k (we assume that the on-rate is negligible). Suppose we now combine the two types of measurements into a single measurement, in which we observe the sequential transitions, L + R ↔ LR → L + R. The experimental quantity, which describes the likelihood of observing these transitions, is the joint probability distribution P(T, t). For the single-step kinetics, P(T, t) is given by
In the second line of equation (1),
are the binding probability P b (T) and bond survival probability (22) is the density of the species (L or R) present in excess, k on and k off are the force-free on-and off-rates, respectively, and k is the off-rate under force. In our experiment, integrin receptors are present in excess over fibrinogen ligands, and, hence, d max = d R . The kinetic rates, k on , k off , and k, equilibrium dissociation constant, K d = k off /k on , and the population of the ligand-bound and unbound form of the receptor, P b and P u , can be obtained by performing a numerical fit of equation (1) to the experimental data (d R can be obtained by employing a radioactively labeled protein).
We analyzed the experimental data for integrin-fibrinogen interactions using the following minimal kinetic model:
The equilibrium kinetic transitions probed in the binding phase of the measurements are
In the unbinding phase of the measurements we examine the following force-dependent transitions:
For this model, the binding probability P b (T) involve contributions from the two pathwaysreversible formation of the ligand-bound states LR 1 and LR 2 , i.e.
P b (T) = P b1 (T) + P b2 (T)
The joint probability P(T,t), which is the sum of contributions for irreversible dissociation from states LR 1 (LR 1 → L + R) and LR 2 (LR 2 → L + R), also includes the pathway mixing due to the conformational fluctuations [LR 1 ↔ LR 2 ; see equation (5)
In equations (3) and (4) the individual binding probabilities P b1 (T) and P b2 (T) and bond survival probabilities P s1 (t) and P s2 (t) are given by 
RESULTS

Binding-unbinding correlation spectroscopy (BUCS) -
To analyze the kinetics of the reversible association and dissociation of LR complexes using optical trap-based force spectroscopy, we devised a method that combines measurements of binding probability (P b ) as a function of interaction time (T) at low compressive forces (f c ) with measurements of the probability of bond survival (P s ) at constant pulling forces (f p ). This allows a probabilistic description of association-dissociation transitions. In the binding phase, T is varied in order to measure the T-dependent ratio of binding events (N b ) to binding attempts (N). When N is large, the ratio N b (T)/N approaches a stable value equal to the binding probability P b (T) (Supplemental Fig. S1 ). When T is large, P b (T) is equal to P b , the equilibrium population of the bound state LR. Hence, P b (T) from the binding phase provide the initial conditions for measurements of bond lifetime (t) which can then be used to calculate the probability of bond survival P s (t). In turn, P b (T) and P s (t) can be convoluted to form the joint probability distribution P(T,t), defined as the probability that a bond formed before or at time T will survive until time t. Model calculations of P b (T), P s (t), and P(T,t) for the reversible single-step kinetics L + R ↔ LR are shown in Fig. 1 . We see that when T is large compared to the characteristic timescale for reaching equilibrium
, the equilibrium population of the ligandreceptor bound state P b .
The data needed to calculate the P(T,t) are obtained experimentally using a two-step optical trap protocol. First, by applying a compressive force f c , a single receptor-ligand pair are approximated and allowed to interact for a fixed time T 1 . Then a pulling force f p is applied to dissociate the complex ( Fig. 2A) . Within a single approach-retract cycle, both bond formation and the bond lifetime t are recorded (Fig. 2B ). When the approach-retract cycles are repeated N times (Fig. 2C ), the number of binding events carries information about the binding probability and the bond lifetime measurements carry information about probability of bond survival at a fixed T=T 1 . The combined product of binding probability, P b (T 1 ), and bond survival, P s (t), is P(T 1 ,t). Bond lifetime data collected at increasing contact times T=T 1 <T 2 <…<T m and the corresponding binding probabilities [P b (T 1 
), P b (T 2 ),…,P b (T m )] are combined to obtain the joint distribution P(T,t).
When there is only one conformational state of the receptor (R) or ligand (L) and only one bound form of the complex LR, the joint probability P(T,t) can be factorized [P(T,t) = P b (T) 2 ,…), the joint probability distribution P(T,t) cannot be factorized. This is because T's and t's are strongly correlated, and
P(T,t) ≠ P b (T)P s (t). Information about correlations is contained in the difference P(T,t) -P b (T)P s (t).
Thus, the two data sets must be modeled jointly.
To clarify the latter point, consider the case where a receptor exists in both low-affinity (R 1 ) and high-affinity (R 2 ) states, forming two bound states LR 1 and LR 2 [see equation (2)]. Using the bond survival probability alone and ignoring the binding probabilities for these states would result in an erroneous estimation of the forced dissociation rate and an incorrect interpretation of the interaction mechanism. Indeed, when conformational transitions (LR 1 ↔ LR 2 ) are slow compared to the rates of unbinding (r 12 , r 21 << k 1 , k 2 ), forced dissociation from the states LR 1 and LR 2 is decoupled and the bond survival probability is bimodal (21) . In this regime, forced dissociation is dominated by the fastest pathway at shorter times and by the slowest pathway at longer times. At the opposite extreme (r 12 , r 21 (24, 25) . When conformational relaxation and unbinding transitions occur on the same timescale (r 12 , r 21 ≈ k 1 , k 2 ), the bond survival probability P s (t) interpolates between these extremes. Hence, the lack of precise knowledge about the initial populations of receptor states R 1 and R 2 precludes meaningful interpretation of bond lifetime data.
The likelihood of forming a stable αIIbβ3-fibrinogen bonds depends on contact duration -
We used BUCS to analyze optical trap-based measurements of the association and dissociation of the complex formed by the platelet integrin αIIbβ3 and its principal ligand fibrinogen. We found that at fixed values of compressive force and pulling force, the probability of αIIbβ3-fibrinogen interactions was time-dependent (Fig. 3A) . Thus, when the contact duration was varied between 0.05-2.0 s, the cumulative probability of forming an αIIbβ3-fibrinogen bond increased up to ∼20%, reaching a plateau at T ≈ 1.5 s. To exclude the contribution of non-specific αIIbβ3-fibrinogen interactions, we counted only signals that lasted for >0.04 s in the unbinding phase (21) . Because only a small number of interface contacts resulted in the formation of αIIbβ3-fibrinogen bonds within this range of T, the majority of bond rupture events were due to formation and subsequent dissociation of single bonds (26) . To ensure the specificity of the interactions between fibrinogen-and αIIbβ3-coated surfaces, measurements were performed in the presence of the αIIbβ3-antagonist abciximab (27) . Abciximab reduced the binding probability by ~70-80%, indicating that the vast majority of the measured binding signals resulted from the specific interaction of αIIbβ3 with fibrinogen (Fig. 3A) .
When αIIbβ3 was pre-treated with 1 mM Mn 2+ , a potent allosteric integrin activator, the slope of P b (T) became steeper, implying faster binding (Fig. 3B) . On the other hand, the plateau level did not change. These results imply that the surface density of fibrinogen-reactive αIIbβ3 molecules and the population of the αIIbβ3-fibrinogen complex remained the same before and after treatment with Mn 2+ . Since Mn 2+ is expected to recruit active αIIbβ3 molecules from the available pool (23, 28) , αIIbβ3 should have been present in excess initially compared to fibrinogen.
Average bond lifetimes are dependent on the duration of αIIbβ3-fibrinogen contact (T) -
Next, we tested whether precisely controlling the duration of the contact between the interacting surfaces coated with αIIbβ3 and fibrinogen would affect the mechanical stability of the αIIbβ3-fibrinogen complex. Varying the time of contact (T) between αIIbβ3 and fibrinogen from 0.05 to 2 s at a fixed compressive force of 20 pN and a pulling force of 50 pN revealed a positive correlation between the average αIIbβ3-fibrinogen bond lifetimes and the duration of αIIbβ3-fibrinogen contact (Fig. 4) . Shorter lifetimes (2-4 s) collected at T = 0.05-0.2 s corresponded mainly to force-driven dissociation from a lower-affinity state LR 1 , whereas longer lifetimes (≈ 5-7 s) collected at T = 1.0-2.0 s reflected the growing contribution from a higher-affinity state LR 2 (insets in Fig. 3) . A plateau was reached at T ≈ 1 s in Ca 2+ -containing medium, but in the presence of Mn 2+ , average bond lifetime increased at a faster rate and reached a plateau at a T = 0.5 s. These results suggest that the strength of αIIbβ3-fibrinogen interactions, reflected by the average bond lifetime, is time-dependent. The gradual strengthening of the αIIbβ3-fibrinogen complex is due to increasing contribution of a higheraffinity population of αIIbβ3-fibrinogen complexes, a phenomenon that is more pronounced in the presence of Mn 2+ . Bond survival probability shows a bimodal dependence on bond lifetimes -Under forceclamp conditions, we observed a broad range of the bond lifetimes varying from milliseconds to tens of seconds. Based on their sensitivity to αIIbβ3 antagonists, the bond lifetimes >0.04 s were considered to result from specific αIIbβ3-fibrinogen interactions (21) . Unbinding data were then gathered into bond survival curves in which the probability of bond survival P s (t) was plotted against actual bond lifetimes (t). As we showed above, the slope of the bond survival curves, as displayed on a semi-logarithmic scale, was proportional to the off-rate (k) for a particular bound state. Moreover, when measurements were performed at different contact duration times, the probability of bond survival P s (t) showed a bimodal exponential decay, indicating the presence of two unbinding pathways. Thus, as shown in Fig. 5 , at T = 0.5 s and f p = 50 pN and in the absence or presence of Mn 2+ , plots of P s (t) versus bond lifetime (t) have two distinctly different slopes, corresponding to rapid and slow modes of forced unbinding. This agrees with the results of our previously studies, namely bimodal forms of histograms of rupture forces (20) and bond lifetimes (21) and confirms the existence of at least two bound states, the lower-and higher-affinity forms of the αIIbβ3-fibrinogen complexes LR 1 and LR 2 .
Extrapolating from the joint probability distribution P(T,t) to kinetic parameters -To derive kinetic parameters for the interaction of αIIbβ3 with fibrinogen using the results presented above, we employed a minimal kinetic model based on the following principles. First, in its free form, αIIbβ3 exists in at least two conformations R 1 and R 2 that are in dynamic equilibrium with an equilibrium constant K 0 . Accordingly, there are at least two pools of αIIbβ3 that are defined by their equilibrium populations λ 1 =1/(K 0 +1) and λ 2 = K 0 /(K 0 +1) and that associate with fibrinogen with the on-rates k on1 and k on2 . Second, fibrinogen binding to αIIbβ3 is reversible. Thus, dissociation of fibrinogen from αIIbβ3 is governed by the offrates k off1 and k off2 in the absence of force f p . Third, the lifetime of αIIbβ3-fibrinogen bonds depends strongly on the duration of contact between αIIbβ3 and fibrinogen. Thus, the probability of fibrinogen binding to αIIbβ3 is affected progressively by the presence of more mechanically stable high-affinity complexes (LR 2 ). Fourth, there is a force-induced redistribution of αIIbβ3-fibrinogen complexes that is described by the equilibrium constant K = r 12 /r 21 , where r 12 and r 21 are the kinetic rates for the forward transition, LR 1 → LR 2 , and reverse transition, LR 2 → LR 1 , respectively. Lastly, the external pulling force f p can modulate off-rates so that k 1 ≠ k off1 and k 2 ≠ k off2 . This minimal kinetic model is summarized by equation (2) in the Experimental Procedures section and the kinetic transitions of the binding and unbinding phases are shown by equations (2a) and (2b), respectively. Corresponding to the kinetic model, theoretical treatments for P b (T) and P(T,t) are given by equations (3) (4) (5) .
We then fit the experimental data for αIIbβ3-fibrinogen complex formation in the absence and presence of Mn 2+ as a function of contact duration time T using equations (3) and (5) . This enabled us to extract the zero-force 2D kinetic parameters k on and k off in the absence of external mechanical factors. The apparent forcefree on-rates were converted into true kinetic onrates by factoring them for the surface density of reactive αIIbβ3 molecules, ≈3,000 molecules/µm 2 as measured by their ability to specifically bind 125 I-fibrinogen with high affinity (K d ≈ 18 nM) (Supplemental Fig. S2 ). As summarized in Table 1 , we found that active αIIbβ3 exists in at least two states (R 1 and R 2 ) that differ in their zero-force on-rates, off-rates, and corresponding equilibrium dissociation constants (K d = k off /k on ). In the absence of αIIbβ3 activators and inhibitors, the ratio of low-affinity state LR 1 (population λ 1 ) to high-affinity state LR 2 (population λ 2 ) is 10.1 with a zero-force equilibrium constant K 0 = λ 2 /λ 1 ≈ 0.098. Thus, the low-affinity αIIbβ3 conformation (R 1 ) makes the major contribution to the probability of αIIbβ3-fibrinogen bond formation (Fig. 3A,  inset ). For the low-affinity state, the on-rate was ~2-fold slower and the off-rate was ~4-fold faster than for the high-affinity state, accounting for the ~7-fold difference in the equilibrium dissociation constant (K d = 5.76 for LR 1 versus K d = 0.86 for LR 2 ). In the presence of Mn 2+ , the ratio of the low affinity to the high affinity populations decreased to 5.25 and K 0 increased to ∼0.19. Mn 2+ had a dual effect on the equilibrium on-rates: it decreased the association rate for the low-affinity state by ∼2.5-fold, but increased the on-rate for the high-affinity state ∼9-fold, whereas the off-rates both for the lowand high-affinity states were unchanged. Hence, the net effect of Mn 2+ on αIIbβ3-fibrinogen interactions at equilibrium is a change in the distributions of lower affinity and higher affinity populations and in the on-rate of fibrinogen binding.
Next, we calculated the joint probability distribution P(T,t) of αIIbβ3-fibrinogen complexes as a function of contact duration time T and bond lifetime t. In theoretical modeling, we used the numerical values of the force-free 2D kinetic rates shown in Table 1 to extract additional kinetic parameters, the forcedependent dissociation rates (k 1 and k 2 ), and the transition rates (r 12 and r 21 ) for the conformational interconversion LR 1 ↔ LR 2 . The results are displayed in Fig. 6 ), evidence that fibrinogen-bound αIIbβ3 can be activated mechanically. Moreover, comparing the force-free off-rates (k off1 and k off2 ) with the force-dependent dissociation rates (k 1 and k 2 ) indicates that mechanical force has a dual effect on the strength of αIIbβ3-fibrinogen bonds, the increasing the dissociation rate for the lowaffinity state LR 1 
DISCUSSION
Advantages of
Binding-Unbinding Correlation Spectroscopy -We developed a new approach named Binding-Unbinding Correlation Spectroscopy (BUCS) that combines novel experimental methodology and theoretical modeling to describe a joint probability distribution P(T,t) for two-dimensional reversible association-dissociation kinetics of receptor-ligand interactions. This higher-order statistical measure, which can be obtained by convoluting the binding probability as a function of interaction time T with the probability of bond survival as a function of bond lifetime t, contains complete information about the kinetics of biomolecular interactions. We tested the validity of this approach using an optical trapbased model system capable of making singlemolecule force-clamp or force-ramp measurements. However, the approach can be applied to other nanomechanical singlemolecule techniques such as atomic force microscopy and the biomembrane force probe.
Because many receptor-ligand pairs exhibit structural heterogeneity and flexibility, there can be uncertainty about the nature and number of the initial states of these complexes. Further, different receptor or ligand conformations may interconvert in the experimental timescale. To obtain meaningful models of these biomolecular transitions in forced unbinding studies, it is necessary to gather accurate information about the initial (bound) states of the system, but unbinding data alone do not provide this information. Our approach, based on bindingunbinding correlations, overcomes these limitations. Force-free formation of the receptorligand bond precedes force-driven bond dissociation. Hence, equilibrium information can be used to describe the results of unbinding measurements. This can be accomplished by examining the entire joint probability surface P(T,t) and its projections constructed using the bond lifetimes collected for different fixed values of contact duration. Taken together, this approach enables modeling of receptor-ligand interactions at equilibrium as well as under the influence of mechanical factors. Importantly, force-free on-rates and off-rates are obtained directly from experimental measurements without using simplifying assumptions or empirical models. A small compressive force helps to hold the reactive surfaces together, providing the conditions necessary for biomolecules to establish intermolecular contacts at the interface.
Measurements of binding probability as a function of contact duration have previously been used to derive two-dimensional kinetics for complexes composed of the Fcγ receptor IIIA and IgG (9), adhesins of S. epidermidis and fibronectin (29) , the integrin αLβ2 and intercellular adhesion molecule-1 (ICAM-1) (30) , and the T-cell receptor and peptide-major histocompatibility complex (31, 32) . In addition to force-free interactions, the dynamic behavior of αLβ2-ICAM-1 interactions has been studied by measuring bond lifetimes under ramped tension (33) . However, these measurements by themselves could not determine joint probabilities for consecutive association and dissociation transitions and could not be used to analyze the association-dissociation kinetics and internal protein motion. Although the existence of several states of the receptors or ligands can be suggested by the multimodal shape of the histogram of bond lifetimes, different binding pathways may compete and the shape of the distribution could depend on duration of receptor-ligand contact. Moreover, binding measurements alone do not capture possible force-induced conformational transitions for large protein biomolecules that can be captured using BUCS.
Two-dimensional kinetics of fibrinogen binding to αIIbβ3 in the absence and presence of Mn
2+
-In the absence of Mn 2+ , we obtained force-free on-rates (k on1 and k on2 ), off-rates (k off1 and k off2 ), force-dependent dissociation rates (k 1 and k 2 ), as well as equilibrium dissociation constants (K d1 and K d2 ), for the non-covalent complex between the platelet integrin αIIbβ3 and it principal ligand fibrinogen. Previously, we studied αIIbβ3-fibrinogen interactions in a ramp-force mode and analyzed binding probability as a function of contact duration and found that that they were heterogeneous (20) . Further, using a force-clamp mode, we found that the αIIbβ3-fibrinogen complex exists at least in two states that differ in mechanical stability (21) . The studies reported here confirm this conclusion and more precisely quantify these states and their dynamics (see (Supplemental Table S1 ). These findings are consistent with the "conformational selection" model of protein-ligand interactions, in which the unbound protein exists as an ensemble of conformations in dynamic equilibrium (34, 35) . Importantly, we found that αIIbβ3 undergoes a slow force-induced reversible transition from a lower-to a higher-affinity state and we were able to calculate kinetic (r 12 and r 21 ) and equilibrium (K 1 ) constants for this process.
Previously, we found that the presence of Mn 2+ favored the formation of higher affinity αIIbβ3-fibrinogen complexes characterized by a higher binding energy and reduced off-rate (20, 21, 23) . Here, we found that Mn 2+ shifts αIIbβ3 to a higher activation state by modulating both the on-rate and the rate at which αIIbβ3 transitions from a lower to a higher affinity state. Thus, the equilibrium constant for αIIbβ3 activation, K 0 = λ 2 /λ 1 , increased approximately two-fold in the presence of Mn   2+ ; however, force-free off-rates were unchanged, indicating that Mn 2+ does not alter the kinetics of the dissociation of the αIIbβ3-fibrinogen complex. By contrast, the onrate for the formation of the lower affinity state (LR 1 ) decreased and the on-rate for the higher affinity state (LR 2 ) increased, decreasing the probability of forming the lower-affinity state and increasing the probability of forming the high-affinity state. Further, the results of forced unbinding experiments indicated that in the presence of Mn 2+ the higher-affinity state was more stable mechanically with a forced off-rate ~50-fold less than that of the lower affinity state. With reasonable precautions, the effects of Mn 2+ could potentially be extended to αIIbβ3 activation induced by other natural and artificial stimuli.
Implications of the application of BUCS to
αIIbβ3-fibrinogen interactions -Because applied tensile force facilitates dissociation of receptor-ligand complexes, it was expected that forced off-rates for the lower-affinity form of αIIbβ3 in absence or presence of Mn 2+ would be larger than their force-free counterparts. Paradoxically, however, forced off-rates for the higher-affinity form were significantly smaller that their force-free counterpart. One possible explanation for this finding might be that the extended conformation of higher affinity αIIbβ3 provides more contacts at the binding interface. Thus, whereas the application of a pulling force on fibrinogen weakens the lower-affinity complex, mechanical deformation of the higher affinity complex leads to the formation of a tighter binding pocket or more side-chain contacts or both. This type of behavior resembles the catch bonds where bond stability increases with increasing mechanical tension (36, 37) . Nonetheless, the existence of multiple bound states is essential but not sufficient for the emergence of "catch regime" (24, 25) and we showed previously that in the force range of up to 50 pN, the αIIbβ3-fibrinogen interactions display classical slip bonds (21) .
We found that the application of pulling force induces a slow reversible conformational transition from lower-to higher affinity αIIbβ3-fibrinogen complexes. The similarity of the rate constants for the forward transition r 12 (38) . Indeed, kinetic parameters derived from the forced dissociation of surface-bound molecules depend on surface density, steric limitations due to surface confinement, and the relative orientation of the molecules. Nonetheless, two-dimensional kinetic parameters may be more relevant to cell-cell and cell-substrate adhesion since in vivo both receptor and the ligand are usually attached to surfaces (39) . In the case of platelet adhesion and aggregation mediated by fibrinogen binding to αIIbβ3, processes that occur in vivo under dynamic conditions of continuous hydrodynamic shear, our results demonstrate a time-dependent increase in stability of the αIIbβ3-fibrinogen complex, implying ligand-induced binding site remodeling in αIIbβ3 (40) . Forced extension of two other integrins, αvβ3 and αLβ2, has been recently demonstrated in silico (41) (42) (43) and this is a possible mechanism for the observed forceinduced activation of αIIbβ3. If this is the case, then the enhanced activation of αIIbβ3 under the extremely high shear stress in atherosclerotically-narrowed arteries may be an important component of the arterial thrombosis.
In conclusion, we have devised an experimental protocol and theoretical framework entitled Binding-Unbinding Correlation Spectroscopy (BUCS) that enables the characterization of two-dimensional receptorligand interactions. In a broader perspective, this approach, which can be used with existing experimental instrumentation, provides a convenient method to explore the kinetics and mechanism of bimolecular coupling, including protein-protein and protein-DNA interactions, when they are affected by the internal dynamics of one or both of the biomolecules involved. We then applied this approach to the interaction between the platelet integrin αIIbβ3 and its principal ligand, fibrinogen. Using an optical trap-based force-clamp system in conjunction with the probabilistic description of the kinetics of receptor-ligand interactions, we found that fibrinogen-reactive αIIbβ3 exists in at least two conformational forms. These states differ in their zero-force on-rates, off-rates, and corresponding equilibrium dissociation constants by one order of magnitude. The applied pulling force favors the higher affinity form of αIIbβ3 by speeding up the dissociation from the lower affinity state while increasing the population of and slowing down the dissociation from the higher affinity state. Hence, the application of mechanical force is accompanied by a chemical change, i.e., the increased stability and prevalence of a particular form of αIIbβ3. This indicates there is interrelation or linkage between the mechanics (conformational motion) and kinetics (association and dissociation) of the αIIbβ3-fibrinogen pair, which can be further explored using linked functions and reciprocal effects for ligand binding and linkage in polyfunctional biological macromolecules (44) (45) (46) . The strength of αIIbβ3-fibrinogen interactions gradually increases with duration of contact between αIIbβ3 and fibrinogen due to progressive growth in the fraction of the faster forming higheraffinity complexes, a phenomenon that is driven mechanically and is accelerated in the presence of Mn 2+ , a potent integrin activator. Taken together, our results provide kinetic parameters for the interaction of αIIbβ3 under both forcefree and forced unbinding conditions and offer new mechanistic insights into the αIIbβ3-mediated interactions that underlie platelet function. The bond survival probability P s (t) versus the bond lifetime t. Here, P s (t) was calculated using the initial condition P b =1 (only the bonds formed are dissociated over time t). Panel (c): The two-dimensional surface of the joint probability distribution P(T,t) as a function of contact duration time T and bond survival time t. (4) the bead retraction (application of pulling force f p ). When the signal is positive, the ligand-coated bead is stopped for a certain time (T) at a constant compressive force (f c ) against a silica pedestal coated with receptor protein. When the signal is negative (no bond was formed during the compression) the trap is stopped at fixed distance away from the pedestal. If however a bond was formed, the trap maintains pulling force (f p ) during the entire lifetime (t) of the bond. Experimental data points are shown as diamonds and error bars represent standard deviations. Panel A also shows the results of control experiments (squares) performed in the presence of a specific inhibitor mAb, for which the binding probability is substantially reduced. The numerical fits of the theoretical binding probability curve P b (T) = P b1 (T) + P b2 (T) [equations (3) and (5) ] to the experimental data points are shown as the solid curves. Insets: The contributions to binding probability from the low-affinity state LR 1 , P b1 (T )(dashed curves), and the high-affinity state LR 2 , P b2 (T) (dash-dotted curves). Numerical values of the kinetic parameters [see equations (2) and (3)], obtained from the fits of the theoretical curve of P b (T ) to the experimental data points, are summarized in Table 1 . The bond lifetimes are collected for single integrin-fibrinogen bonds formed over time T = 0.5 s. The curves display two distinct probability slopes due to bimodal nature of the bond lifetimes. Slopes 1 and 2 correspond to the two bound states of the αIIbβ3-fibrinogen complex LR 1 and LR 2 characterized by markedly different mechanical stability. Note that Slope 2 in panel A is larger than Slope 2 in panel b indicating that the forced dissociation rate for the bound state LR 2 , k 2 , is smaller in the presence of Mn 2+ (see Tables 2 and 3 ). The theoretical profiles of P(T,t) versus bond lifetime t for the fixed T = 0.1, 0.2, 0.5, and 1.5 s (curves) are compared against the experimental data points (symbols). The theoretical probability measures are obtained using the kinetic parameters summarized in Tables 1 and 2 . λ 2 ) , the force-free apparent and true kinetic on-rates (k on and k on ') and off-rates (k off ). These parameters were obtained from the fit of the theoretical binding probability curve P b (T) [equations (3) and (5)]; see, also, Fig. 3 ) to the experimental data from binding measurements collected at a compressive force f c = 20 pN in the absence and presence of the integrin activator, Mn 2+ . 21 [see kinetic model given by equation (2)]. These parameters were obtained from the fit of the theoretical curves for the joint probability distribution P(T,t) at fixed interaction times T = 0.1, 0.2, 0.5, 1.0, and 1.5 s to the experimental data points (see Fig. 6 ). Table 2 , but for the experimental data obtained in the presence of Mn 2+ (see Supplemental Fig. S3 ). 
